Eight substituted N-aryl-9-aminoacridizinium and four N,N-dialkyl-9-aminoacridizinium derivatives have been prepared in moderate yields by the reaction of 9-bromo-or 9-fluoroacridizinium salts with selected amines. In contrast, the reaction with primary alkylamines gives only traces of the substitution product. The reaction of 9-fluoroacridizinium bromide with thiophenol yields 9-(phenylsulfanyl)acridizinium salt. The 9-(methylsulfanyl)-acridizinium salt was prepared by the cyclodehydration of the pyridinium precursor.
Introduction
Benzo-annelated quinolizinium salts represent a class of nitrogen heterocycles with a bridgehead quaternary nitrogen atom, which attract much interest in view of their DNA-binding and DNAphotodamaging properties. 1 Although several routes for the synthesis of benzo[b]quinolizinium As a part of a project aimed at the development of a novel class of DNA-binding and DNAphotodamaging intercalators based on the acridizinium core, we were interested in the preparation of a wide range of substituted 9-aminoacridizinium derivatives starting from a common and readily available acridizinium precursor. While amination reactions of bromo-and chloro-substituted quinolizinium cations have been described in the literature several decades ago, 8, 9 this reaction was shown to deliver substantial amounts of the by-products resulting from the ring-opening and has limited synthetic applicability. Moreover, such amination reactions were unprecedented in the acridizinium system. Our recent studies showed, however, that 9-bromoacridizinium bromide reacts with substituted anilines to give the N-aryl-9-aminoacridizinium derivatives 1b. 10 In view of the interesting properties of the N-aryl-9-aminoacridizinium derivatives, namely, their pronounced fluorescence enhancement upon interaction with double-stranded DNA 10 , we wanted to extend the series of substituted aminoacridizinium salts. In this paper we present our investigations of the amination of 9-halogenoacridizinium salts, aimed at the determination of the scope and limitations of this reaction. Beyond the N-aryl derivatives with various substituents in the aryl group, we have undertaken the synthesis of N-alkyl-or N,N-dialkyl-substituted derivatives of 1a, which may serve as reference compounds for the investigation of the effects of the aryl substituent. Moreover, we have prepared sulfur analogues of 1a, in which the amino group is replaced with a methyl-or phenylsulfanyl substituent. It is proposed that such derivatives could represent a complementary donor-acceptor system, as the sulfanyl group has different electron-donating properties than the amino substituent in the parent system 1a.
Results and Discussion
Synthesis of 9-aminoacridizinium derivatives and 9-(phenylthio)acridizinium. Similar to the nucleophilic substitution reactions of halogen-and alkoxy-substituted quinolinium 11, 12 and quinolizinium salts, the N-substituted 9-aminoacridizinium derivatives 3a-ℓ were synthesized by the reaction of the readily available 9-bromo-or 9-fluoroacridizinium bromides (2a-b) 13 with selected amines (Scheme 1; Table 1 ). Similarly, the 9-(phenylsulfanyl)acridizinium (3m) was obtained by the reaction of 2b with thiophenol in the presence of a mild base (N-methylmorpholine, NMM). Scheme 1. Synthesis of 9-donor-substituted acridizinium derivatives from 9-halogenacridizinium salts. For the experimental details see Table 1 . The reaction proceeds in refluxing 2-propanol or ethanol in modest to good yields with secondary aliphatic amines, to give the compounds 3a-d. However, the reactions with selected primary aliphatic amines (isopropylamine, butylamine) gave mostly mixtures of unidentified products, which presumably correspond to the products resulting from the destruction of the acridizinium core by the nucleophilic addition of amine to position 6, followed by further reactions of the resulting intermediates.
14, 15 Only traces of the substitution products (3e-f) could be isolated by column chromatography and conversion of the isolated bromides into the corresponding tetrafluoroborates or hexafluorophosphates.
In the case of donor-substituted anilines, the substitution products 3g-h could be obtained, albeit in low yields (< 20%), when the reaction was performed in refluxing 2-propanol or ethanol. In the cases of aniline, toluidine, or halogen-substituted anilines, the formation of the products 3i-n required considerably higher temperatures (120-150 ºC). The latter reactions were performed in the absence of the solvent, but in the presence of a Lewis-acid catalyst (BF 3 × Et 2 O). The presence of other catalysts such as Lewis acids (SnCl 4 ), Brønsted acids (hydrochloride of the corresponding amine, pyridine hydrochloride) or auxiliary bases, such as DBU or pyridine, did not improve the yield of the desired products. The arylamino-substituted derivatives 3g-n were isolated as bromides by several subsequent crystallization steps. Unfortunately, attempts to obtain substitution products with several electron-poor aromatic amines, such as 4-aminobenzonitrile, 4-(trifluoromethyl)aniline and 3-aminopyridine, were unsuccessful even at harsh conditions (180-200 °C). The structures of the acridizinium derivatives 3a-p were confirmed by 1 H-and 13 C NMR spectroscopy, mass-spectrometric and elemental analysis data.
Synthesis of 9-(Methylsulfanyl)acridizinium.
The synthesis of 9-(methylsulfanyl)acridizinium salt 7 followed the general approach for the preparation of substituted acridizinium salts by the cyclodehydration of pyridinium precursors (Scheme 2). 2, 6 Thus, 4-(methylsulfanyl)benzyl bromide (4b) was prepared from the commercially available 4-(methylsulfanyl)benzyl alcohol (4a) following the published procedure 16 and allowed to react with (1,3-dioxolan-2-yl)pyridine (5), 17 to give the quaternary salt 6 almost quantitatively. The cyclodehydration of the salt 6 in PPA, which is most widely used as a cyclization medium in such reactions, 2 gave only a moderate yield of the desired product (42%); however, the use of methanesulfonic acid led to an increase of the yield on this stage up to 81%. The 9-(methylsulfanyl)acridizinium 7, isolated as a tetrafluoroborate, was prepared in 78% overall yield based on the alcohol 4a; its structure is supported by the spectroscopic and elemental analysis data. Electron-donor properties of the substituents evaluated by NMR spectroscopy. Due to the strong electron-accepting properties of the quaternary nitrogen atom, 9-substituted acridizinium salts represent a donor-acceptor system which may be useful for the evaluation of the relative electron-donating properties of the substituents in position 9. Numerous studies have been performed aimed at the derivation of the substituent constants from the values of 1 H and 13 C chemical shifts of substituted benzenes. 18, 19 Along these lines we observed a good correlation (r 2 = 0.984) of the chemical shifts of the 6-H proton atom with the Hammett-Brown constants of the substituents, for which the σ p + were known (Figure 1) . 20 The correlations of the chemical shifts of other nuclei, such as C9 or C11, were less satisfying. The correlation may be used for the estimation of the electron-donor properties of the amino substituents, for which the corresponding σ p + values have not been determined, so far. Indeed, the relative electron-donor strength of the arylamino substituents obtained from our data (Figure 1 ) is agreeable with the expected, considering the values of the Hammett constants of the substituent in the aryl ring. However, it should be noted that the values only reflect a trend and should be considered with caution, since the number of the points used for the regression analysis is too small to establish a firm relationship. 
Summary
It was shown that the nucleophilic substitution of the halogen atom in 9-bromo-and 9-fluoroacridizinium salts with amino and sulfur nucleophiles proceeds in low to moderate yields and has practical importance for the synthesis of 9-amino and 9-sulfanyl-substituted acridizinium salts. In general, the reaction with the fluoroacridizinium salt provides better yields of the substitution products, as compared to the bromo-substituted precursor. This observation is in line with the findings that the related fluoro-substituted quinolinium salts easily undergo nucleophilic substitution reaction with amines, 12 and indicates that the key reaction step is the addition of the amino nucleophile to the halogen-substituted position of the acridizinium cation.
A series of such substitution products has been described. The major drawback of the proposed reaction is the difficulty of the isolation and purification of the products. However, the low yields of the substitution products are to some extent compensated by the easy availability of the starting compounds, namely 9-halogenoacridizinium salts. The present amination reaction is limited to the dialkylamines and relatively reactive anilines, since in the case of primary alkylamines only poor yields of the substitution products were obtained and the reaction with acceptor-substituted anilines did not take place. The studies of the photophysical properties of with dialkylamines A solution of 9-fluoroacridizinium bromide (2b, 0.834 g, 3.00 mmol) in EtOH (5 mL) was brought to reflux, and diethylamine (0.461 g, 6.30 mmol) was added. The reaction mixture was heated under reflux for 1 h (monitoring by TLC). After cooling to room temperature, the reaction mixture was evaporated to dryness and the product was isolated by column chromatography (alumina neutral, activity grade I; eluent CHCl 3 -MeOH, 90:10 v/v). The green-fluorescing fraction was collected. The eluate was evaporated, and the corresponding tetrafluoroborates or hexafluorophosphates were prepared by addition of aqueous HBF 4 (50%) or concentrated aqueous NaPF 6 solution to the solution of the isolated product in minimal amount of water, followed by recrystallization of the precipitate from MeCN-AcOEt. and the reaction mixture was stirred for 18 h at room temperature, while an orange precipitate has formed. Methanol (5 mL) was added carefully, and the mixture was evaporated to dryness in vacuo. The orange solid residue was recrystallized from ethanol, to give analytically pure
